Introduction
The need for rare-earth elements (REEs) has increased due to growing demand for permanent magnets (NdFeB) in applications such as industrial motors, wind turbines, consumer electronics and electric vehicles [1] . A NdFeB magnet typically contains approximately 31-32 wt% of REEs such as Nd, Pr, Dy, Tb and Gd [2] . To improve hightemperature stability and wear and corrosion resistance of the magnet, Co is often added with a comparable content of Dy [3, 4] . It is estimated that over the next 25 years the demand for Nd and Dy will increase by 700% and 2600%, respectively [5] . As reported by the European Commission in 2018, REEs and Co were evaluated as critical raw materials due to economic importance and supply risk [6] . To some extent, recycled Nd and Dy as well as Co from NdFeB magnets will play significant roles in the future supply chain of critical raw materials such as REEs and Co [7, 8] . We therefore sought to develop an environmentally friendly method to recycle Co, Nd and Dy from end-of-life NdFeB permanent magnets.
In commercial separations, REEs are extracted from ores using mineral acids and then separated by solvent extraction (SX), in which REEs are transferred to an organic phase using selective extractants [9] . In most cases, organophosphorous extractants, di(2-ethylhexyl)phosphoric acid (DEHPA, D2EHPA) or its ester (EHEHPA) are used. Even though organophosphorus extractants are commercially used for metal separation, the selectivity for adjacent lanthanides not ideal. Due to the similar ionic radii and coordination properties of REEs, the separation factors for neighbouring lanthanides are in the range of 1.5-3. Hundreds of separation stages (in mixer-settlers) and complicated flowsheets with reflux are thus needed to obtain an individual REE [10, 11] . The use of often toxic and volatile organic chemicals in the SX process is also further incentive to develop ecologically responsible separation techniques, such as ion exchange.
Currently, although solvent extraction is used in large-scale production of REEs, ion-exchange technology is used to produce highpurity REEs [12, 13] . Inorganic ion exchangers are extensively applied for adsorption and purification due to high selectivity, stability in relatively high temperatures and resistance to ionizing radiation [14] . Our earlier studies with crystalline and amorphous zirconium phosphates (α-ZrP and am-ZrP) on uptake and elution from a ternary Co-NdDy system showed promising individual recovery of the metals [15, 16] . However, the powdery form of these materials led to potential operational problems, such as pressure build-up and clogging in column operations [17, 18] .
To overcome these problems, it is vital to increase the material's particle size. One possibility is to produce hybrid composites by embedding the inorganic particles onto porous granulated carriers [18] [19] [20] [21] . Polyacrylonitrile (PAN) possesses excellent physicochemical characteristics such as pelletizing properties, strong adhesive forces with inorganic materials and good chemical stability [22] [23] [24] . Hence, the ion-exchange material can be effectively immobilized into spherical beads and the polymer can accommodate loadings up to 95% [25, 26] .
Here we report the synthesis, material and ion exchange characterization of an am-ZrP/PAN composite ion exchanger for metal separations. The efficient separation of metals from a magnet leaching solution was investigated with single-column loading elution and loading-gradient elution experiments. 3 , 67-69%) were purchased from Sigma-Aldrich and used without further purification. Milli-Q water (Merck Millipore) with a resistivity of 18.2 MΩ cm (at 23°C) was used in all experiments.
Instrumentation and analysis methods
Images of the am-ZrP/PAN beads were collected by a Hitachi HiTech S-4800 field-emission scanning electron microscope (FESEM) after deposition of a 3 nm-thick layer of Pd-Au by sputtering. To investigate the size distribution, uncoated am-ZrP/PAN beads were imaged by a Hitachi SU3500 scanning electron microscope. The morphology of 199 beads were analysed from the images by Malvern Morphologi G3 software. For spatial distribution of inorganic material in inner polymer matrix, the bead was identified by X-ray tomography using a GE Phoenix v|tome|x s 240 at the Geological Survey of Finland. A 180 kV/ 15 W optional nanofocus tube was used with a 90-kV accelerating voltage and a 300-μA current, resulting in a 27-W tube power. The sample was imaged with an isotropic 1.33-μm resolution/voxel size. 2700 projections with an exposure time of 2 × 4000 ms were taken with a 4000-ms skip at each angle. The total acquisition time was 9 h. For structural analysis of the am-ZrP/PAN composite, X-ray powder diffraction (XRD) patterns were acquired using a Philips PW 3710 X-ray diffractometer with Cu-Kα (λ = 1.542 Å) at a potential of 40 kV and a current of 40 mA. Fourier transform infrared (FT-IR) spectra were recorded by a Perkin Elmer spectrum one FT-IR spectrometer in the range of 400-4000 cm . For analysis of Co, Nd and Dy metal ions, a microwave plasma-atomic emission spectrometer (MPAES) Agilent 4200 was used.
Synthesis of am-ZrP/PAN
Am-ZrP material was synthesized using a precipitation method based on a previous report [1] . First, 30.7 g of ZrCl 4 was dissolved in 430 mL of 2 M HCl. A total of 400 mL of 1.25 M H 3 PO 4 was then added. The resulting precipitate remained overnight in the mother solution. After phase separation, the precipitate was treated with 1 L of 1 M HNO 3 to ensure full conversion of materials to H-form. Finally, the amZrP product was washed with deionized water until pH 3 was achieved and dried in an oven at 60°C for 48 h at normal atmosphere.
The am-ZrP/PAN composite was synthesized using a procedure described previously [17, 22] . Firstly, 7.2 g of am-ZrP, 84 mL of DMF and 2 mL of Tween 80 were mixed at 60°C for 2 h by magnetic stirring to obtain a homogeneous solution. A total of 4.8 g of PAN was then added to the solution, which was continuously stirred for another 2 h. The gelation process was conducted by dripping the mixture into deionized water through a needle (0.6 mm) to obtain the gelled composite beads. The formed beads were left to age in deionized water for 24 h and washed by 2 L of deionized water. The product was dried by lyophilization with a vacuum of 0.570 mbar at −26°C using a freeze drier (CHRIST ALPHA 1-4 LSC).
Chemical stability of am-ZrP/PAN
The chemical stability of the am-ZrP/PAN composite bead in acid solution was tested in a pH range from 0.3 to 3. This was usually performed by adding a total of 0.1 g of am-ZrP/PAN into 10 mL of acid solution and equilibrating for 5 days in a rotary mixer at room temperature (approximately 23°C). Concentration of metal ions in the solution was measured with MPAES.
Potentiometric titration
Potentiometric titration was conducted in a series of batch experiments where 100 mg of am-ZrP/PAN or PAN beads were placed in 19 mL of 1 M NaNO 3 solution and titrated with different amounts of 1 M NaOH solution (25-1050 μL) before mixing for 36 h in a rotary mixer (60 rpm) at room temperature.
Kinetic study
A total of 100 mg of am-ZrP/PAN was placed in 20 mL of 1 mM equimolar Co, Nd and Dy solutions at approximately pH 3. After pre-set time intervals in a rotary mixer (60 rpm) at room temperature, the metal concentrations of the supernatants were measured by MPAES.
Effect of pH on metal uptake
The effect of pH on metal uptake was investigated according to the following procedure. A total of 100 mg of am-ZrP/PAN was added to 20 mL of 1 mM equimolar Co, Nd and Dy solutions at approximately pH 3 and equilibrated in a rotary mixer (60 rpm) for 12 h. The pH of the solutions was then adjusted over a pH range of 1-5 with 1 M HNO 3 or 1 M NaOH. After additional mixing for 24 h, the pH and metal concentration of the supernatants were measured.
The distribution coefficient (K d ) represents the distribution of metal ions between the solution and ion-exchange material. K d is calculated by the following equation:
where C 0 is the initial metal concentration, C eq is the metal concentration at equilibrium, V is the volume of solution and m is the mass of the ion exchanger. The separation factor (SF) can be demonstrated as the comparison of distribution coefficients between one and another. The calculated equation is the following:
where K d A and K d B are the distribution coefficients of ion A and ion B, respectively.
Column loading/elution experiments
Single-column tests were performed at different temperature in a glass column with an inner diameter of 1.5 cm and a height of 20 cm. The columns were packed with 3.45 g of am-ZrP/PAN beads, resulting a bed height of 15 cm.
Separation of Co, Nd and Dy from dilute solution
The feed solution containing 1 mM equimolar Co-Nd-Dy mixed solution was prepared at approximately pH 1.8. The column was loaded with this feed solution (1 BV/h) and washed with 6 BV of dilute HNO 3 solution (pH 1.8) (1 BV/h) before the metals were eluted by 0.1 M HNO 3 and 0.5 M HNO 3 (0.5 BV/h).
Separation of Co, Nd and Dy from concentrated solution
Effects of temperature, running speed and concentration of elution solution were investigated ( Table 1 , experiment 1-5). A concentrated Co-Nd-Dy mixed solution (1.2 g/L total, pH 1.8) was prepared containing 10.7% of Co, 41.1% of Nd and 48.2% of Dy. Table 1 shows detailed information regarding the loading and elution processes.
Separation of Co, Nd and Dy from simulated magnet leachate
A simulated leachate (7.6 g/L total) containing 1.4% of Co, 89.3% of Nd and 9.3% of Dy was prepared according to previous reports [27, 28] . Column experiments using the simulated leachate as feed solution were conducted in a continuous ion-exchange workstation. The loading and elution processes were performed and are shown in experiment 6 of Table 1 .
Results and discussion

Morphology study on am-ZrP/PAN composite
Representative micrograph images of the am-ZrP/PAN composite are shown in Fig. 1 . Particle uniformity was determined by volume and number distribution based on an analysis of 199 particles. The beads showed a more or less spherical shape with a circularity value from 0.74 to 0.98 (Fig. 1a, Table 2 ) and an average bead size of 2 mm based on circle equivalent (CE) measurements (Table 2) . Cross-sectional images of a bead show an internal porous structure, which is a desirable feature for sorption processes (Fig. 1b and c) [20] .
Spatial distribution study
The spatial distribution of the am-ZrP/PAN composite was characterized by X-ray tomography. The porous nature of the beads was confirmed and the measured porosity of the beads was approximately 40% (Fig. 2a) . Spatial distributions of pores, PAN matrix and am-ZrP particles were determined by measuring the volumetric fractions slice by slice (Fig. 2b) . The X-axis of the distributions is thus the distance along the Z-axis of the bead (blue arrow in Fig. 2b ). Contrary to the visual observations, the distributions ( Fig. 2c and d) indicate that there is more am-ZrP near the surface of the beads than in the centre. They also show a thin, practically non-porous layer of PAN on the surface of the beads; after this layer the porosity is quite evenly distributed.
Structural study
The synthetic approach (Scheme 1) for the preparation of the amZrP/PAN beads involved the intercalation and encapsulated process.
The XRD powder patterns of am-ZrP, am-ZrP/DMF and am-ZrP/ PAN are shown in Fig. 3a . The low and broad peaks are typical for amorphous or semicrystalline am-ZrP [16, 29] . The addition of DMF to the am-ZrP shifts the peak at 10.0 θ degree to 8.1, indicating expansion of the ZrP interlayer from 9 to 10.8 Å. It is suggested that DMF was intercalated into the interlayer of am-ZrP during the stirring process. Successful intercalation of DMF into the interlayer of α-ZrP and α-SnP materials and its effects has been reported (Table 3) [30, 31] . The intercalated basal spacing of am-ZrP was increased by approximately 1.8 Å. In addition, the H 2 O molecules (diameter 2.8 Å) in the layers were replaced by DMF; hence the total space (4.6 Å) was occupied by DMF. Due to limited space (diameter of DMF 3.5 Å < total increased space 4.6 Å < double diameter of DMF 2 * 3.5 Å), it is possible that double DMF molecules were intercalated into the layer bonded by hydrogen bonding (P)-O-H•••O-CH-(N) (Scheme 1) [32] .
The FTIR transmittance peaks of the am-ZrP/PAN composite were identical compositions of peaks from PAN beads and am-ZrP materials, with two major bands at 954 cm −1 and 1047 cm −1 from PeO deformation and the vibration of the orthophosphate group [33] . Small bands at 1624 cm −1 of the eOH group were also observed in all the three spectra [34] . Symmetric P]O bands at 730 cm −1 was not observed due to phosphorus exists as ZreOeP in the amorphous ZrP network [35] . 
Thermal and chemical stability study
The TG curves of the PAN beads, am-ZrP and am-ZrP/PAN beads are shown in Fig. 3c . For am-ZrP/PAN beads, the 8% mass loss occurs below 300°C and is attributed to the elimination of free water molecules. In the temperature range of 300-700°C, weight reduction is suggested to be condensation of H 2 PO 4 functional groups of am-ZrP and decomposition of PAN [36] . indicating good chemical stability.
Potentiometric titration
Potentiometric titration of the PAN beads and am-ZrP/PAN beads was performed with 1 M NaNO 3 background solution. The conversion of am-ZrP to the Na form takes place by the following reaction:
The pH of the equilibrated 1 M NaNO 3 solution decreased from 6.9 to 2.6 for am-ZrP/PAN. The conversion to the Na form (meq/g) can be calculated from the following:
where q Na is the equivalent ion-exchange capacity for Na uptake, [H + ] i is the pH value of solution before and [H + ] eq after equilibrating with 1 M NaNO 3 before NaOH addition, V is the volume of solution and m is the mass of the ion exchanger.
The q Na of pure PAN beads from 1 M NaNO 3 was small (0.004 meq/ g, Fig. 4a ) and was disregarded in further calculations. The q Na for amZrP/PAN was 0.53 meq/g as calculated by Eq. (4) (Fig. 4b) . From the plateau of the titration curve, the ion-exchange capacity can be estimated; the capacity of PAN beads and am-ZrP/PAN beads is 0.46 meq/g and 4.5 meq/g, respectively (Fig. 4b) [37] . In addition, the am-ZrP content of am-ZrP/PAN beads can be calculated via the capacities of each counterpart by using a theoretical capacity of 6.97 meq/g for amZrP [16] . After calculation, the am-ZrP content based on ion-exchange capacity was 57.9%, which agrees well with the 56.7% content calculated from the TG results. It thus appeared that intercalation of DMF and encapsulation by PAN does not worsen the ion-exchange capacity of am-ZrP.
Adsorption kinetics
The kinetic behaviour of am-ZrP/PAN was investigated in 1 mM HNO 3 solution of Co, Nd and Dy. The uptakes for Nd and Dy equilibrated approximately 12 h (Fig. 5a) , which is in line with the kinetic behaviour in the competitive adsorption onto am-ZrP in our previous study [16] .
Data on adsorption kinetics (Fig. 5b) show that the uptake of metals to the am-ZrP/PAN composite is not very fast, even considering the rather large particle size of the materials (approximately 2 mm in diameter). Metal uptake increased from 50 to 70% of the equilibrium value in 30 min. The diffusion coefficients were estimated using an The second order PDE system was discretized in the radial direction of the particle using a finite difference scheme and the resulting ODE system was solved numerically using the method of lines [38] . The temporal derivatives arê̂< 
The change in liquid phase concentration was calculated from the mass balance assuming that all mass transfer resistance is within the particles (that are relatively large here)
where A tot is the total surface area of the particles (assumed to be monodisperse and spherical) and V L is the volume of the bulk liquid phase. The first and second order derivatives in Eq. (6) were calculated in a stepwise manner. Three-point centered approximation was used to calculate the first derivativeq r d /d . The second derivative was obtained by applying the same centered approximation for the first derivative thus obtained.
As seen in Eq. (5), the am-ZrP/PAN material was treated as a homogeneous medium as the inorganic particles were assumed to be [39, 40] . The results show that a simple diffusion model is sufficient for a quantitative description of diffusion in an am-ZrP/PAN composite. However, the data available is not sufficient to distinguish between diffusion resistance in the polymer phase and in the am-ZrP particles.
Effect of pH on adsorption
Investigations of the effect of solution pH on Co, Nd and Dy adsorption were conducted in 1-mM ternary solutions in a pH range from 1 to 6. Speciation calculations (Minteq) did not show any precipitation of metals in that range. The uptake of Nd and Dy (Fig. 6 ) increased rather sharply with increasing pH and reached a plateau at approximately pH 2.5. In contrast, the Co uptake gradient was considerably lower and the uptake of Co was very low (< 0.05 meq/g) below pH 2.6, reaching its maximum of 0.26 meq/g at pH 6. The uptake of Co increased after pH 4.3, causing the slight uptake decrease of Nd and Dy.
Maximum uptake values of Co, Dy and Nd were determined at pH 6.0 as 0.26, 0.59, and 0.58 meq/g, respectively, totalling 1.42 meq/g. However, the strong sorption of Co decreased the sorption of Nd and Dy and increased the difficulty of separation. Thus, the subsequent experiments were done at lower pH condition at pH 1.8 where low Co uptake and high separation factors.
Proposed mechanism for the enhanced adsorption of am-ZrP/PAN
Metal uptake of am-ZrP increased about 50% from 1.65 to 2.43 meq/g on fabrication of am-ZrP/PAN beads (calculated to inorganic counterpart) [16] . The increased uptake is assumed to result from DMF intercalation into the interlayer of ZrP. The interlayer spacing of the pure am-ZrP (semicrystalline) can be considered as partially inaccessible for the rather large hydrated metal ions; at a minimum, the diffusional resistance can be considered high [41] . After DMF intercalation and expansion of the interlayer distance from 9 to 10.8 Å, the metal-ion diffusion to the ion-exchange sites located at the interlayer is considered easier and thereby improves the metal uptake properties of the materials.
3.9. Fixed-bed column study 3.9.1. Separation Co, Nd and Dy from a dilute solution Recovery and removal of Co from a dilute solution (1 mM equimolar Co, Nd and Dy) at pH 1.8 was very efficient using the am-ZrP/PAN composite material in an adsorption column (Fig. 7a) . The breakthrough curves of Co, Nd and Dy during loading are consistent with the adsorption equilibrium data in the batch experiment (Fig. 6) ; the metals were preferred in the following order: Dy > Nd > Co. Thereafter, a slightly higher concentration of Co than in the feed between 8 and 20 BV was observed, perhaps due to displacement from the ion-exchange sites by Nd and Dy (which have higher valence). The purity of Co in the effluent (Fig. 7b) After 91 BV of feed, the column was almost fully loaded and the metal amounts in the column were calculated as 0.03 meq/g of Co, 0.78 meq/g of Dy and 0.38 meq/g of Nd. The column bed was washed with dilute acid at pH 1.8 and elution of the metals was performed in two steps (0.1 M HNO 3 followed by 0.5 HNO 3 ) (Fig. 7c) . Co was already eluted very effectively during washing and was not detected in the effluent after the first 1 BV. The purity of Dy in the effluent was higher than 80% between 7 and 20 BVs (Fig. 7d) and purity during the whole elution (0-24 BV) was 67%.
Separation of Co, Nd and Dy from a concentrated solution
To study the separation under more practical conditions (i.e., higher concentrations), a mixture with a total concentration of 1.2 g/L (approximately 10.7% of Co, 41.1% of Nd and 48.2% of Dy) was used as the feed. Loading the column until saturation is not useful as there is very little separation between Nd and Dy from 30 to 90 BV (Fig. 7) . Therefore, the column was loaded only to approximately 10% relative to the maximum loading. Typically, the metal feed solution was at pH 1.8 while the elution was performed with 0.2 M HNO 3 . The effects of temperature, flow rate and acid concentration of the eluent on the metal separation were studied.
Nd and Dy breakthrough occurred at approximately 1 BV when the total concentration of metals in the feed solution was 1.2 g/L (Fig. 8a) . This is very early compared to the dilute solution in Fig. 7 , where the breakthrough occurred at approximately 20 BV. The sharpness of the Co profile compared to Nd and Dy profiles is due to its higher diffusion coefficient and thermodynamic effects (less steep isotherm).
Increasing the temperature from 23 to 50°C improved the separation of Co from Nd and Dy. This is because mass transfer is slow at 23°C (see Section 3.6) but increases with temperature as seen as the steeper rear part of the Co elution profile (Fig. 8a and 8b) . Increasing the temperature to 50°C and decreasing the flow rate from 1 BV/h to 0.5 BV/h (Fig. 8a and c) gave a significantly better separation and Co could be recovered with high yield and purity. Separation between Nd and Dy was not very good as they were eluted almost identically when using 0.2 M HNO 3 as eluent. Increasing the HNO 3 concentration of the eluent to 0.5 M (Fig. 8d) did not improve the metal separation but shorted the process cycle.
It can be concluded that low acid concentration in the eluent is beneficial for metal separation but high concentration is beneficial for productivity. Similar to previous studies [16, 42] , a multistep gradient elution process where the composition of the mobile phase was changed stepwise was studied [42] . Here, 0.1, 0.2, 0.5 and 1 M HNO 3 were sequentially used in the elution at 50°C. The separation of Co from Nd and Dy was significantly enhanced with the gradient elution ( Fig. 8e  and f) .
The local purity of the effluent (in wt%) with respect to each metal is shown in Fig. 8f . In practice, the effluent should be fractionated into three product fractions such that each metal is recovered with sufficient yield and purity. Collecting the first 1.43 BV of the effluent to the first product fraction results in a recovery yield of 90% and (volumeaverage) purity of 91 wt% for Co. Higher purity can be achieved at the cost of decreasing yield; for example, with 95 wt% purity the yield of Co is 86%. The recovery of Co is quite efficient considering that its content in the feed is only 10 wt%. Dy can be collected as the last product fraction. For example, starting the collection at 3.2 BV results in 80 wt% purity and 55% recovery yield for Dy. Between these two fractions, Nd is recovered with 58 wt% purity and 82% yield.
Separation of Co, Nd and Dy from a simulated magnet leachate
To study the suitability of the am-ZrP/PAN beads in a practical setting of metal separation, a simulated magnet leachate was used as feed solution. The feed (7.6 g/L total) contained 1.4% of Co, 9.3% of Dy and 89.3% of Nd. Recovery of all metals from such a ternary solution is extremely difficult as the major component, Nd, is eluted in the middle between Co and Dy. The gradient elution method was chosen based on the developed process on varying conditions of the column study, using 1.2 g/L solution.
From the effluent concentration profiles in Fig. 9a , it was possible to recover some Co at high purity even though its concentration in the feed was only 1.4%. On the other hand, some Dy was recovered at the later of the fractions where the column is being fully regenerated with 1 M HNO 3 . To better visualize the trade-off between purity and yield, the curves in Fig. 9b show the Pareto frontiers for each metal. The vertical dashed lines indicate the feed composition. The further the curve is to the right, the higher the increase in purity during the gradient elution. In these calculations, it is assumed that a recycle fraction is collected during 4.1-4.7 BV of elution, as at this interval the Nd/Dy ratio is almost the same as in the feed and no separation is achieved. For each of the three metals, the Pareto frontiers show that it is possible to obtain fractions with significantly improved purity relative to the feed.
Column regeneration
Efficient regeneration of ion-exchange materials is essential considering the economic usability of the materials. The XRD of am-ZrP/ PAN was measured after the third and tenth column run. The XRD pattern of the used am-ZrP/PAN beads (Fig. 10) showed clear shifts after regeneration cycles. The interlayer space of am-ZrP after Run 3 and Run 10 showed a decrease of 1.0 Å and 1.4 Å, respectively, compared to that of unused am-ZrP. The results suggest that DMF was released from the layers during the ion-exchange cycle. The XRD results revealed the possibility for gradual shrinkage of interlayer space of amZrP (semicrystalline) from 10.8 Å back to 9.4 Å. 
Conclusions
We synthesized an am-ZrP/PAN composite in bead form to solve possible pressure build-up problems in scale-up column separation. AmZrP was evenly distributed in the am-ZrP/PAN composite beads. An interesting discovery was that DMF expanded interlayers of am-ZrP, which improved the efficiency of metal uptake. In addition, we demonstrated an efficient gradient elution process from the perspective of chemical engineering. In column separation experiments effects of feed concentrations, loading degree, temperature, flowrates, and concentration of the HNO 3 eluent were studied. As a result, feasible operating conditions to perform the separation were suggested. The purity of simulated leachate was enhanced to 87.9% of Co, 96.4% of Nd and 40% of Dy in different stage effluent using a single column. The results were promising and meaningful for further purification using a continuous simulated moving bed. Although the DMF was gradually released in the column regeneration study, the enhanced uptake results provide a promising direction for future study on intercalation chemistry. 
